In this paper we demonstrate that peptide nucleic acids (PNAs) are excellent probes able to detect the W1282X point mutation of the cystic fibrosis (CF) gene when biospecific interaction analysis (BIA) by surface plasmon resonance (SPR) and biosensor technologies is performed. The results reported here suggest that BIA is an easy, fast, and automatable approach for detecting mutations of CF, allowing real-time monitoring of hybridization between 9-mer CF PNA probes and target biotinylated PCR products generated from healthy, heterozygous subjects and homozygous W1282X samples and immobilized on streptavidin-coated sensor chips. This method is, to our knowledge, the first application of PNAs, BIA, and SPR to a human hereditary mutation, and demonstrates the feasibility of these approaches for discriminating between normal and mutated target DNA. We like to point out that the procedure described in this paper is rapid and informative; results are obtained within a few minutes. This could be of great interest for molecular pre-implantation diagnosis to discriminate homozygous CF embryos from heterozygous and healthy embryos. Other advantages of the methodology described in the present paper are (a) that it is a nonradioactive methodology and (b) that gel electrophoresis and/or dot-spot analysis are not required. More importantly, the demonstration that SPR-based BIA could be associated with microarray technology allows us to hypothesize that the method described in the present paper could be used for the development of a protocol employing multispotting on SPR biosensors of many CF-PCR products and a real-time simultaneous analysis of hybridization to PNA probes. These results are in line with the concept that SPR could be an integral part of a fully automated diagnostic system based on the use of laboratory workstations, biosensors, and arrayed biosensors for DNA isolation, preparation of PCR reactions, and identification of point mutations. (Lab Invest 2001, 81:1415-1427.
T he recent development of biosensor technologies for biospecific interaction analysis (BIA) (Jonsson et al, 1991; Malmqvist, 1993; Vadgama and Crump, 1992) enables us to monitor DNA-DNA and DNA-RNA hybridization in real time by surface plasmon resonance (SPR). This optical technique detects and quantifies changes in refractive index in the vicinity of the surface of sensor chips to which either target DNA or DNA probes could be immobilized (Malmqvist, 1993) . Because the changes in refractive index are proportional to the changes in absorbed mass (Malmqvist, 1993; Vadgama and Crump, 1992) , the SPR technology allows the monitoring of DNA-DNA hybridization while it is occurring (Nilsson et al, 1995; Wood, 1993) . Therefore SPR-based BIA has been applied to detect HIV-1 infection (Bianchi et al, 1993 (Bianchi et al, , 1997 and genetic mutations affecting the p53 oncosuppressor gene (Nilsson et al, 1997) . Despite the fact that this approach could be of great interest in clinical genetics (Bianchi et al, 1993; Jenkins, 1994) , few data in the literature are available on the use of SPR and biosensor technologies to discriminate between the homozygous and heterozygous states in the case of hereditary diseases caused by genetic mutations (Feriotto et al, 1999; Nilsson et al, 1997) .
In this respect, peptide nucleic acids (PNAs) (Nielsen et al, 1991) are molecules of great interest, because they offer great advantages, in comparison with oligonucleotide probes, in molecular diagnosis (Dueholm and Nielsen, 1997; Hyrup and Nielsen, 1996; Wang, 1998) . PNAs are DNA mimics in which the sugar-phosphate backbone is replaced by N-(2-aminoethyl)glycine units (Nielsen et al, 1991) and hybridize with complementary DNA, forming WatsonCrick double helices (Egholm et al, 1992 . We emphasize that the efficiency of PNA-DNA hybridization is very high. For instance, unlike oligodeoxyribonucleotide probes, very short PNAs are still able to hybridize at room temperature because the melting temperature (Tm) of PNA-DNA hybrids is higher than that of DNA-DNA hybrids (Nielsen and Egholm, 1999) . This feature is expected to greatly facilitate detection of point mutations (Nielsen and Egholm, 1999) . With respect to this point, it is known (Feriotto et al, 1999) that 15-to 20-bp long oligonucleotide probes do not efficiently discriminate between target sequences that differ by one oligonucleotide in BIA experiments employing surface plasmon resonance and biosensor technology (Feriotto et al, 1999) . Shorter oligonucleotides could be used, but in that case the hybridization reaction could be inefficient because of the lower number of hydrogen bonds. By contrast, even short PNAs are expected to be efficient in hybridizing to target DNA, because they are not negatively charged and, therefore, no electrostatic repulsion occurs during PNA-DNA hybrid formation (Wittung et al, 1994) . In addition, unlike oligonucleotides, PNAs are expected to bind with high efficiency to single-stranded PCR products, because their binding could be independent from the secondary structure of target DNA (Nielsen and Egholm, 1999) . Furthermore, the stability of PNA-DNA hybrids is greatly affected by the presence of a single base mismatch . This property has been used for the detection of point mutations in advanced diagnostic methods, by means of PCR clamping (Ørum et al, 1993) , affinity electrophoresis (Igloi, 1999) , matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (Griffin et al, 1997), electrochemical biosensors (Wang, 1998 , Wang et al, 1997b , quartz crystal microbalance (QCM) (Wang et al, 1997a) , and microarrays (Weiler et al, 1997) .
In this paper we describe the use of PNA probes for SPR-based BIA in the detection of the tryptophan 1282 3 TER mutation of the cystic fibrosis (CF) transmembrane conductance regulator (CFTR) gene (Online Mendelian Inheritance in Man: database entry no. 602421, according to Antonarakis [1998] ). This hereditary pathology is the most frequent recessive autosomal lethal disease in the Caucasian population (Boat et al, 1989) . In addition to microdeletions, CF is due to a variety of point mutations. The W1282X mutation, located in exon 20, was first observed in a French patient with cystic fibrosis by Vidaud et al (1990) and was demonstrated to be the most common CF mutation in the Ashkenazi Jewish population (Shoshani et al, 1992) .
Mutations leading to the CF phenotype are currently detected by a variety of PCR-based approaches (Saiki et al, 1985) , including single-strand conformation polymorphism (SSCP/HA) (Wine et al, 2001) , temporal temperature gradient gel electrophoresis (TTGE) (Wong et al, 2000) , DNA sequencing (Bernardino et al, 2000) , oligonucleotide ligation assay (OLA), sequencecoded separation (Brinson et al, 1997) , and capillary zone electrophoresis combined with laser-induced fluorescence detection (Gelfi et al, 1998) . Although highly informative and successfully applied in the diagnosis of CF, some of these methodologies are tedious, technically complex, sometimes difficult to use routinely in a clinical context, when the most important requirements are quality of service, speed, accuracy, and transferability to high-throughput formats (Shi, 2001) .
Results

Melting Temperatures of PNA N-W1282X and M-W1282X with Complementary and Mismatched DNA Targets
To determine the DNA recognition stability and specificity of PNA N-W1282X and PNA M-W1282X, hybrid solutions were formed between either PNA and the full complementary or the mismatched DNA sequences ( Fig. 1) : PNA N-W1282X/DNA 5'-AGTGGAGGA-3' (full match), PNA M-W1282X/DNA 5'-AGTGAAGGA-3' (full match), PNA N-W1282X/DNA 5'-AGTGAAGGA-3' (mismatch), and PNA M-W1282X/DNA 5'-AGTGGAGGA-3' (mismatch). The solutions were heated and the absorbance was measured to obtain melting curves. The melting temperatures were calculated as the maximum of the first derivatives of the melting curves. The results are reported in Figure 2 . The data clearly indicate that both PNAs clearly recognize the complementary DNA, because the stability of both PNA-DNA duplexes drop off 10°C in the presence of a single mismatch in the central part of the sequence of the DNA in agreement with data in the literature . The difference of 4°C between the two fully matched complexes can be ascribed to the different sequence of the PNAs, which leads to a different stability of the PNA-DNA duplexes. In fact, the PNA M-W1282X/DNA duplex has an A-T base pair (two hydrogen bonds) in place of the G-C base pair (three hydrogen bonds) present in the PNA N-W1282X/DNA duplex. In Figure 3 a scheme depicting DNA-DNA and DNA-PNA hybrids is reported (Fig. 3A) , along with the experimental approach followed to study both the formation and stability of these complexes under BIA experimental conditions (Fig. 3B) . As a general strategy, we chose to immobilize target biotinylated DNA and use PNA as probes, because in kinetic studies it was reported that immobilization of PNA led to a decrease of one order of magnitude of the association rate constant. As is clearly evident (Fig. 3C ), both N-W1282X and M-W1282X 17-mers DNA probes do hybridize to the target M-W1282X DNA generating stable DNA-DNA hybrids. In addition, the data obtained show that both N-W1282X and M-W1282X 12-mers probes hybridize to the target M-W1282X DNA (Fig. 3D) . In this case, however, only fully matched hybrids are stable (Fig. 3D, solid line) . By contrast, when 9-mers probes are employed, only the M-W1282X DNA was found to hybridize to full complementary M-W1282X 21-mer target DNA, generating, however, unstable hybrids (Fig. 3E, solid line) . Taken together, these preliminary experiments demonstrate that both 9-mer and 12-mer DNA probes are expected to be suitable for identification of the W1282X mutation. However, differences among these Feriotto et al probes are reproducibly detectable. In fact, the use of short DNA probes (9-mer) allows us to identify the W1282X mutation during the association phase (compare the values of RUfin-RUi reported in Table 1 ). On the contrary, longer DNA probes (12-13 mers) allow us to identify the mutation during the dissociation phase (compare the values of RUres-RUi reported in Table  1 ). Under the BIA experimental conditions employed, 17-mer DNA probes are not useful for identification of the CF mutation ( Fig. 3C and Table 1 ).
In the experiment shown in Figure 4 , the hybridization behavior of 9-mer PNA probes (Fig. 4 , A to C) was compared to that of 9-mer (Fig. 4 , D to F) and 12-mer (Fig. 4 , G to I) DNA probes. Interestingly, both the N-W1282X and M-W1282X PNAs hybridize to the full complementary target DNAs (Fig. 4, A and B) . In this case, hybridization is much more efficient than that of the 9-mer DNA probes, and the generated PNA-DNA hybrids are much more stable than DNA-DNA hybrids (Fig. 4, A , B, D, and E) . No hybridization occurs between mismatched PNA probes and target W1282X DNA (Fig. 4, A and B) . Also, 9-mer PNA probes (Fig. 4 , A to C) are more efficient than 12-mer DNA probes ( tained with 12-mer DNA probes. Taken together, these results suggest that PNAs are able to identify efficiently the cystic fibrosis W1282X DNA mutation when a target oligonucleotide DNA is employed.
Interaction of N-W1282X and M-W1282 DNA and PNA Probes with Sensor Chips Carrying a 1:1 Mixture of Normal and Mutated Target DNA Sequences
In Figure 4 , C, F, and I, we report the sensorgrams obtained by injecting N-W1282X and M-W1282X DNA and PNA probes on a same flow cell carrying a 1:1 mixture of both normal and mutated W1282X target sequences. As clearly evident, both N-W1282X and M-W1282X DNA and PNA 9-mer probes hybridize to the SA5 sensor chip flow cell containing a 1:1 mixture of target N-W1282X and M-W1282X DNA sequences (Fig. 4, C and F) . In addition, the 12-mer N-W1282X and M-W1282X DNA probes, as expected, give rise to hybrids exhibiting similar RUres-RUi values (Fig. 4I ).
The RUfin-RUi and RUres-RUi values are shown in Table 2 . Figure 1 shows the location of the CF2 end 5'-biotinylated CF1 PCR primers within the exon 20 portion of the CFTR gene (Riordan et al, 1989) . Double-stranded target CFTR gene PCR products were produced using an excess of the CF2 primer with respect to the biotinylated CF1 primer. This was done to minimize the presence of the biotinylated, unincorporated CF1 PCR primer in the PCR mixture. The final PCR product was, in any case, further purified by Microcon-30. PCR was performed using as substrates DNA from normal individuals, as well as from heterozygous and homozygous W1282X samples. Figure 5A shows the immobilization of bio- Melting curves and melting temperatures of (A) N-W1282X 9-mer PNA hybridized with the DNA 5'-AGTGGAGGA-3' (thick line, full match) and with the DNA 5'-AGTGAAGGA-3' (thin line, mismatch). B, M-W1282X 9-mer PNA hybridized with the DNA 5'-AGTGAAGGA-3' (thin line, full match) and with the DNA 5'-AGTGGAGGA-3' (thick line, mismatch).
Immobilization on a SA5 Sensor Chip of Target CF PCR Products from a Normal Subject or Heterozygous and Homozygous W1282X CF Samples
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tinylated CF1-CF2 PCR products on a SA5 sensor chip. As is evident, the binding kinetic is slow (Fig. 5A , segment "a" of the sensorgram); after a 30-l pulse of the CF2/CF3 biotinylated PCR product (approximately 10 g/50 l HEPES buffered saline-EP [HBS-EP] buffer), no plateau levels of RUfin are reached. In any case, as expected, the regeneration step with 50 mM NaOH (Fig. 5A , segment "c" of the sensorgram) induced a decrease of the RUfin by approximately 50%, which was the RUres still present on the flow cell because the ssPCR product stably immobilized on the sensor chip. Figure 5B shows the levels of RUres obtained after four injections of biotinylated CF1-CF2 PCR product. Figure 5B shows the immobilization of biotinylated PCR product using as substrate DNA from normal, heterozygous, or homozygous W1282X samples. The quality of PCR products was checked by agarose gel electrophoresis (Fig. 5B, insert) and direct DNA sequencing (data not shown). Repeated injections of CF1-CF2 biotinylated PCR product were performed to reach saturation of streptavidin binding sites of the flow cell. The binding efficiency of the W1282X 9-mer DNA, 12-mer DNA, and 9-mer PNA probes to the CF1/CF2 PCR products is shown in Figure 6 . Figure 6 , A and B, shows a preliminary analysis of the expected secondary structures of the immobilized PCR products. This was analyzed by using the MFOLD software (version 3.0) developed by Zuker et al (1999) , and . The analysis was performed at a temperature of 25°C and at 0.15 M NaCl. The data obtained demonstrate that the CF W1282X PCR products are able to generate secondary structures (Fig. 6, A and  B) . Figure 6C shows the experimental strategy, which consists of immobilization of PCR products (as shown in Fig. 5 ) and injections of CF W1282X DNA and PNA probes, as shown in Figure 4 . The results reported in Figure 6 , D to F, show that very weak binding of both N-W1282X (dotted lines) and M-W1282X (solid lines) 9-mer probes is detectable, even to the full complementary PCR product. On the contrary, the W1282X 9-mer PNA probes are able to generate hybrids, leading to an evident increase in RUfin and RUres values only in the case of hybridization between PNA probes and fully matched target PCR products (Fig. 6 , G to I). These results clearly indicate that the W1282X 9-mer PNAs are efficient probes for generating hybrids with target PCR products. Figure 6 , L to N, shows that both the 12-mer N-W1282X and M-W1282X DNA probes hybridize to immobilized PCR products from normal (Fig. 6L) , heterozygous (Fig. 6M) or homozygous (Fig. 6N Figure 6 , Panels L to N, it is quite evident that 9-mer PNA probes are more efficient than 12-mer DNA probes in recognizing fully matched target PCR products.
The lack of hybridization between PCR products immobilized on the SA5 sensor chip and the 9-mer DNA probes could be explained by the possibility that single-stranded PCR products may generate secondary structures (Fig. 6, A and B) . Therefore, when short DNA probes are injected into SA5 sensor chips carrying PCR products, hybridization might be inefficient because of the formation of secondary structures of the target DNA (this hypothesis is depicted in Fig. 6C ).
PNA Probes in Molecular Diagnosis of W1282X Cystic Fibrosis
To verify whether PNAs might be used as probes for molecular diagnosis of W1282X cystic fibrosis, we determined the "cystic fibrosis index" (CF index) as the value (RUfin-RUi)(N)/(RUfin-RUi)(M), where (RUfin-RUi)(N) are the values obtained with the N-W1282X PNA probe and the (RUfin-RUi)(M) values are those obtained with the M-W1282X PNA probes (Table 3 ). The CF index was found to be high (4.3 Ϯ 0.8) when PCR products from normal subjects were used. On the contrary, this value approached 1 (1.05 Ϯ 0.35) when PCR products from heterozygous W1282X subjects were used. Finally, the CF index was found always to be lower than 0.5 (0.28 Ϯ 0.1) when PCR products from homozygous W1282X samples were immobilized on the SA5 sensor chip. These data allow us to conclude that 9-mer PNAs probes are useful for molecular diagnosis of W1282X cystic fibrosis.
Sensitivity of PNA Probes in Detecting M-W1282X PCR Products
We first prepared SA5 sensor chips carrying different concentrations of M-W1282X PCR products (100%, 50%, 20%, 10%, 5%, and 0%). This was achieved by suitably mixing N-W1282X and M-W1282X biotinylated PCR products and injecting the mixture on different flow cells as previously illustrated in Figure 5 . When the 9-mer M-W1282X PNA probe was injected, we found that the RUfin-RUi values decreased, as expected, in relation to the decrease of the percentage of M-W1282X PCR product. Although clear hybridization is detectable when the 9-mer M-W1282X PNA probe is injected into mixtures containing 100%, 50%, and 20% M-W1282X PCR product, the RUfinRUi values obtained on 10% and 5% mixtures were found to be only slightly higher than the background values obtained by injecting the PNA probe onto a sensor chip containing only the N-W1282X PCR product (Table 4) .
Discussion
In this paper we demonstrate that PNAs (Nielsen et al, 1991) are excellent probes for detecting the W1282X point mutations of the cystic fibrosis (CF) gene when BIA by SPR (Malmqvist, 1993) and biosensor technologies is performed. The results reported here suggest that BIA is an easy, fast, and automatable approach to Feriotto et al detecting mutations of CF, allowing real-time monitoring of hybridization between CF PNA probes and target biotinylated PCR products generated from normal, heterozygous, and homozygous W1282X samples and immobilized on streptavidin-coated sensor chips. During the association phase, carried out with HBS-EP at 25°C, discrimination between mismatched and fully matched PNA/DNA hybrids is readily and reproducibly observed by analyzing the association phases of the sensorgrams. By sharp contrast, in the same experimental conditions, the 9-mer DNA probe was not able to efficiently hybridize to PCR products. In addition, PNA probes were shown to be more efficient than 12-mer DNA probes, which are able to identify W1282X point mutation during the Sensorgrams obtained after injection of 25 l containing 0.5 g of normal (dotted lines) and mutated (solid line) W1282X 9-mer PNA (A-C), 9-mer DNA (D-F), and 12-mer DNA (G-I) probes to SA5 sensor chip flow cells carrying normal (A, D, G) or mutated (B, E, H) W1282X 12-mer target DNA. In Panels C, F, and I, the probes were injected to a flow cell carrying a 1:1 mixture of normal and mutated W1282X 12-mer target DNA. The oligonucleotide probes were dissolved in HBS-EP.
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The use of PNAs in SPR-based BIA has been recently explored by Sawata et al (1999) , Kai et al (1997) , and Burgener et al (2000) . Sawata et al (1999) applied PNAs to the direct detection of deoxyribonucleic acid amplified by polymerase chain reaction, demonstrating that this method is a powerful tool for the diagnosis of pathologically significant DNA. On the other hand, Burgener et al (2000) synthesized a stable and specific SPR biosensor surface employing covalently immobilized PNAs, demonstrating the ability to detect point mutations after the injection of complementary oligonucleotides.
This paper demonstrates for the first time the possible use of PNAs to efficiently identify point mutations in PCR-generated targets performing BIA using SPR and the BIAcore biosensor. Consistently, PNAs are much more efficient than DNA probes in hybridizing to immobilized PCR products (Fig. 6 ). This behavior could be due to the possible secondary structure of the target CF PCR (Fig. 6 ), leading to lower hybridization efficiency with short DNA probes. In this respect, it is known that PNAs hybridize to DNA independently of its secondary structure (Nielsen and Egholm, 1999) . This method is, to our knowledge, the first application of PNAs, BIA, and SPR to a human hereditary mutation, demonstrating the feasibility of these approaches in discriminating between normal, heterozygous, and homozygous W1282X subjects.
Many diagnostic approaches have been recently introduced which are aimed at the development of high-throughput mutation detection and genotyping technologies, among which are gel-based methods such as PCR-restriction fragment length polymorphism (RFLP) (Shi et al, 1999) , oligonucleotide ligation assay (OLA) (Baron et al, 1996; Eggerding, 2000; Rothschild et al, 1997) , and minisequencing (Shi, 2001 ). However, it should be emphasized that nongel-based, high-throughput genotyping technologies are expected to be, in the near future, the dominant genotyping platforms for large-scale studies (Shi, 2001) . Among non-gel-based diagnostic technologies, fluorescence resonance energy transfer (FRET) (Clegg, 1992) has been employed for FRET-based technologies such as TaqMan (Livak et al, 1995; Tapp et al, 2000) and Invader assays (Lyamichev et al, 1999) , molecular beacons (Tyagi et al, 1998) , FRET- 
Figure 5.
A, Representative example of the increase of resonance units following injection on biotinylated CF1-CF2 PCR products from an homozygous W1282X sample. Three injections were consecutively performed (I-III). A total amount of 60 l of 2.5 M PCR products in HBS-EP was injected. After each injection (segments "a" of the panel), injections of HBS-EP (segments "b" of the panel) and 50 mM NaOH (segments "c" of the panel) were performed. No blank subtraction was performed. B, Comparison of the increase of resonance units following injection on biotinylated PCR products from normal subjects (open circles), homozygous W1282X samples (open squares), or heterozygous subjects (filled circles). Insert: Characterization by agarose gel electrophoresis of biotinylated PCR products from normal subjects (a), homozygous W1282X samples (b), or heterozygous subjects (c).
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based PCR-OLA (Chen et al, 1998) , and FRET-based rolling circle amplification (RCA) (Lizardi et al, 1998) . Most of these novel diagnostic approaches have not been applied to CF mutation detection, and, therefore, a precise comparison of the efficiency of these methods with that of the approach described in our paper, despite being of great interest, is not possible at present. However, we would like to point out that the procedure described in this paper is, to our knowledge, one of the most rapid approaches to CF detection. This could be of great interest for molecular preimplantation diagnosis for discriminating homozygous CF embryos from heterozygous and healthy embryos. In this case, the speed of the diagnostic procedure is critical in order to minimize the production of embryos that will be successfully tested and implanted (Ao et al, 1996) . Other advantages of the methodology described in the present paper are (a) that it is a nonradioactive methodology and (b) that gel electrophoresis and/or dot-spot analysis are not required. Theoretically, this method is expected to be used in multiplex determinations. On the other hand, the format presented here is far from optimal for the charac- terization of point mutations present in low percentages in heterogeneous tissue samples. For this reason, it would be a better choice to immobilize the PNA probes and inject PCR products, as recently proposed (Burgener et al, 2000) . More work has to be done on this specific issue.
A final comment should be made on DNA microarray genotyping (Hacia et al, 1999; Wang et al, 1998) . This novel high-throughput methodology allows simultaneous analysis of a large number of polymorphisms and is expected to be the major field of applied research (Eggers, 2000; Shi, 2001) . Applications of chip-based technology include the simultaneous monitoring of thousands of genetic mutations in a single patient or thousands of patients for a single mutation. In this respect, a recent paper by O'Brien et al (2001) describes a SPR array biosensor based on spectroscopic imaging. Briefly, these authors developed a multi-element transduction system which combines conventional SPR spectroscopy with onedimensional SPR microscopy to create an effective platform for monitoring binding events on macro-or micro-patterned arrays created on disposable sensor chips (Nelson et al, 2001) , thus allowing the analysis of several independent biospecific binding events simultaneously. Studies aimed at developing SPR-based arrayed biosensors have been undertaken by other research groups with very interesting preliminary results (Brockman et al, 2000; Nelson et al, 2001) .
The data presented in our paper strongly support the use of PNA probes for the identification of point mutations in multiple arrayed samples, therefore introducing the possibility of high-throughput, SPR-based screening of point mutations. Additionally, we would like to emphasize that this is the first work on the use of SPR and biosensors for diagnosis of CF and, to our knowledge, is the first report showing an application of BIAcore analysis using PNA probes to detect point mutations in clinical applications and to discriminate between normal, heterozygous, and homozygous W1282X samples.
These results are in line with the concept that SPR technology performed with biosensors could be an integral part of a fully automated diagnostic system based on the use of laboratory workstations for DNA isolation and the preparation of PCR reactions .
Materials and Methods
Synthetic Oligonucleotides and PNAs
The nucleotide sequences of the normal N-W1282X and mutated M-W1282X oligonucleotide probes used in our experiments are reported in Figure 1 . The CFTR W1282X region was amplified using the 5'-end biotinylated CF1, 5'-AAGGAGAAATCCAGATCGA-3', and the CF2, 5'-TCACTATGGTGTCCACTCG-3', primers. These oligonucleotides were purchased from Pharmacia (Uppsala, Sweden) and purified by HPLC. PNAs were synthesized following a procedure described in the literature (Koch et al, 1997) partially modified on a (4-methylbenzhydryl)-amine-PS resin (CalbiochemNovabiochem, Laufelfingen, Switzerland) using commercial PNA monomers (Perseptive Biosystems, Framingham, Massachusetts) and o-(Benzotiazolyil)-N,N,N',N'-tetramethyluronium hexafluorophosphate (HBTU)/diisopropylethylamine as coupling reagent in N-methyl-pyrrolidone/pyridine. The syntheses were performed on a 7.5-mol scale. The free PNAs were cleaved from the resin using a trifluoromethanesulfonic acid (TFMSA)/trifluoroacetic acid (TFA) mixture. 
Melting Temperature Measurements
The DNA sequences used in the hybridization experiments were purchased from Genset (Paris, France) (guaranteed oligonucleotides) and used without further purification. All hybrid samples reported were first incubated at 90°C for 5 minutes, then slowly cooled at room temperature. The total strand concentration for each sample was calculated using the following 260 (mM Ϫ1 cm Ϫ1 ) for the four bases: T 8.8, C 7.3, A 10.4, G 11.7. All hybridization experiments were carried out in a 10 mM phosphate buffer, 100 mM NaCl, 0.1 mM EDTA (pH 7). Melting curves were recorded by heating the samples (1°C/minute) and following the UV signal variation at 260 nm on a Perkin-Elmer Lambda Bio 20 spectrophotometer (Perkin Elmer, Norwalk, Connecticut). Melting temperatures were taken as the maximums of the first derivative of the melting curves.
Polymerase Chain Reaction
In each PCR reaction, 100 ng of human genomic DNA were amplified by Taq DNA polymerase using the CF1 and CF2 primers, amplifying the W1282X region of the CFTR gene. PCR was performed in a final volume of 50 l, containing 50 mM KCl, 10 mM TRIS-HCl (pH 8.8), 1.5 mM MgCl 2 , 33 M dNTPs, and 0.33 M PCR primers by using 2U/reaction of Taq DNA polymerase. The 35 PCR cycles used were as follows: denaturation, 30 seconds, 94°C; annealing, 30 seconds, 58°C; and elongation, 20 seconds, 72°C. The length of the CFTR PCR product was 89 bp.
Surface Plasmon Resonance
The BIAcore-1000 analytical system (BIAcore AB, Uppsala, Sweden) was used in all experiments. Sensor chips SA5 (research grade), precoated with streptavidin, and the running buffer HBS-EP, containing 10 mM HEPES (pH 7.4), 0.15 M NaCl, 3 mM EDTA, and 0.005% (v/v) Surfactant P20, were from BIAcore AB. The experiments were conducted at 25°C. The flow rate was 5 l/minute. Sensorgrams were analyzed with the BIAevaluation 2.1 software. Blank subtractions were performed in all of the experiments reported. To obtain an efficient capture of N-W1282X and M-W1282X probes onto the sensor chip, the well-documented streptavidin-biotin interaction was used (Leblond-Francillard et al, 1987) . The sensor chip SA5 was used to capture 5'-biotinylated normal and mutated W1282X oligonucleotides injected over the surface. After a pretreatment with a 10-l pulse of 50 mM NaOH, injections of 15 l of HBS-EP containing 0.5 g of N-W1282X and M-W1282X biotinylated target oligonucleotide were performed in two different flow cells. The data obtained demonstrate that rapid capture of 400 to 600 RU of mutated and normal W1282X target DNAs is obtained within 4 to 6 minutes. Hybridization was carried out at 25°C, with a 4 l/minute flow rate, in HBS-EP buffer. After hybridization, the sensor chips were regenerated by a 5-l pulse of 50 mM NaOH.
Sequencing of PCR Products
PCR products were purified with Microcon-30 (Millipore Corporation, Bedford, Massachusetts) and sequenced using the BigDye terminator cycle sequencing kit and the ABI Prism 377 DNA sequencer (PE Applied Biosystems, Foster City, California).
Computer-Assisted Prediction of Secondary Structure of Single-Stranded PCR Products
Secondary structures of single-stranded CFTR PCR products carrying both normal and mutated W1282X sequences were determined using the MFOLD software (version 3.0) developed by Zuker et al (1999) and Mathews et al (1999) . The analysis was performed at a temperature of 25°C and at 0.15 M NaCl.
